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Wide Band Gap RF and Power Electronics

WiMax Base StationsGaN HFETs
and
RF modules
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Develop new RF micro/millimeter wave applications using GaN

Top Issues for deployment:  Reliability and 
Thermal Management

-Large power densities in device---intense device 
heating.

Has dramatic impact on device performance

-degradation of contacts, defect creation, etc.



2DEG, Temperature, and Stress
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Temperature and stress significantly 
affect the 2DEG concentration of an 
HEMT.
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Performance is reduced by a 3% power 
reduction with even small loads (10% 
considered failure) [1]. 1.29
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Reliability is affected by these 
parameters as well:

Stress:  Life reducing cracking in 

1.28
20 40 60 80 100 120 140 160

2

Temperature [ oC ]

1.28

1.285

m
-2

 ]

device occurs in response to elastic 
effects.
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Takeaway: Temperature and stress are 
inextricably linked to performance and 
reliability.

Compressive Stress [ MPa ]

[1] E. R. Heller, Electron Devices, IEEE Transactions on, vol. 55, no. 10, pp. 2554-2560, 2008.



Thermal Modeling of GaN HFETs

DA solder

SiC

DA-sold

Copper

Desired temperatureDesired temperatureDesired temperature 
maximum: 185°C
Desired temperature 
maximum: 185°C



Temperature Measurements in 
GaN Devices

IR measurement of GaN on SiC TLM

Measurement of HEMT Devices
Central Shuttle

Guide Structure
Direction of Shuttle Motion

Current Flow Central Shuttle
Guide Structure

Direction of Shuttle Motion
Current Flow

IR Measurement of MEMS Thermal Actuator

Measurement of HEMT Devices

Anchor & Contact Pad

Actuator Legs

Displacement Indicator

Guide Structure

100 μmAnchor & Contact Pad

Actuator Legs

Displacement Indicator

Guide Structure

100 μm

Device Channel

Measurement of Channel Region:
Often not possible with IR



Micro-Raman Spectrum

Raman Spectroscopy probes the vibrational frequency and
scattering of zone centered optical phonons in GaN.

Also probes the equilibrium phonon population through the
Stokes/Anti-Stokes ratio.

We can measure temperature by the following characteristics:

Peak shift (Tω) Linewidth variation (TΓ)

We can measure temperature by the following characteristics:

Intensity Ratio (TR)
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Raman Thermometry: Peak Shift
Point CP i t C
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• Peak shift (frequency) is most 
frequently employed aspect of the 
spectrum for Raman thermometry
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• Its signal is directly related to:

Interatomic potential
Atomic spacing/Strain
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Wavenumber 
• Strain arises due to both:

Elastic stress
Thermal expansion

Wavenumber Wavenumber 

Point APoint APoint A
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• Temperature measurements in the 
presence of stress will then have non-
negligible errors.Under localized heating, a sample starting at point A will ω
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increase to a temperature at point B.  The raman peak will 
want to shift to point B, but the presence of a compressive 
stress can cause the raman peak to shift only to point C.  
Compressive stresses counter act the movement of the peak 
with increasing temperature
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Measurement
Error

with increasing temperature.

Solution: A separate aspect of the spectrum which is 
unaffected by stress.
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Calibration: Temperature Dependence 
T t i d f 24 500ºC• Temperature response is measured from 24-500ºC

• Peak shift and linewidth may be measured relative to a reference 

• Intensity ratio must be measured using an extensive Ratio

Peak Shift Linewidth
Ratio
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Calibration: Stress Dependence
• Tensile bending experiments on sample up to 350 MPa.

• Both Linewidth and Stokes/Anti-Stokes Ratio are 
independent of applied stress.

• Conclusion: Linewidth & Ratio may be used for 
measurement of temperature independent of 
thermoelastic stress 5000N 4-point Bending 

Fixture w/ sample
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Measurements on GaN TLM

AlGaN
Source Drain
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Stress Dependence: Inverse-Piezoelectric Effects
• HEMT operated under pinch-off conditions (no joule• HEMT operated under pinch-off conditions (no joule 

heating)
• Peak shift shows linear dependence

Piezoelectric induced stresses are proportional to
S DG

Large vertical
electric field gradient

Piezoelectric induced stresses are proportional to 
applied bias

• Linewidth shows non-linear dependence
• Conclusion: Only Stokes/Anti-Stokes ratio may be y y

used without stress induced errors 
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Raman Thermometry: HEMT, Pinch Off Condition

• Piezoelectric effects may then be removed by monitoring the change in the 
Raman spectrum from pinch off rather than un-powered conditions.  Good 
agreement is shown with Ratio method and model for the linewidth method.agreement is shown with Ratio method and model for the linewidth method.
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temperature measurements may be 
used to predict stress.



Converting Results into Stress
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1) Stokes peak shift with temperature

Linewidth broadening with temperature
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Biaxial Stresses in Devices: GaN/SiC vs GaN/Si
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GaN on SiC: 4.7 W/mm
Measured 2 HEMT device architectures:Measured 2 HEMT device architectures:
2 x 167 μm        gate to gate spacing: 50 μm
2 x 250 μm        gate to gate spacing: 40 μm

Device Temp @ Ids=63mA

200.00000

Measured at 4.7 W/mm and base plate 
temperature of 76°C.  
(higher power than previous devices) 100.00000

150.00000
er

at
ur

e 
[C

]

Pinch-off condition: Vg = -3V
Ids = 63 mA
Vds = 25V

0.00000

50.00000

11 15

Te
m

p

Vds  25V

2 x 167 devices

11 15

Device #

FWHM based Peak Position based



Device Changes with Stressing
GaN on SiC 4.7 W/mm

Device Temp @ Ids=95mA
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Device Changes with Stressing
Test to determine if application of electric field or E-
field plus heating impacts device.

Vds increased under pinch off conditions.  Residual 
stress in GaN measured after each step.

I-V characteristics are different simply after applying 
a pinch off bias.

Subsequent powering of the device does not cause any 
additional changes in I-V

By increasing the bias, additional relaxation in device 
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Multiscale Thermal Modeling
S GHypothesis: Non-Fourier effects can 

become important in heat dissipation 
when heat generation zone is close to

 S G D

AlGaN
when heat generation zone is close to 
Phonon Mean Free Path

GaN 

Assumptions:
Gray phonon model for GaN (no optical phonon effects)

Hot spot

Gray phonon model for GaN (no optical phonon effects)
Constant temperature properties

Simulation Tool:
Lattice Boltzmann (LB) phonon transport code coupled to a finite 
difference (FD) solver (multiscale simulation)

Note: Multiscale LB/FD model also allows for the application of boundary conditions at 
macroscopic distances away from the hot spot so as not to interfere with the results



Multiscale Modeling of Heat Transport

Phonon information must pass 
across the interface in both 

LB
Domain Handshaking

Region

directions
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LB side
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Multiscale GaN HEMT Model

6 Finger HEMT Modeled Geometry:

Blue regions are embedded LB domains

Grid Expansion of 5:1 at 

LB domains

p
LB/FD interface

Full field mesh view Magnified view of coupling interface



Temperature Response
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Multiscale GaN HEMT Model
Data plot along the green line Data plot along the green line
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Temperature Response

What is the trend with increasing dissipated power?
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